The epidermal growth factor receptor (EGFR)-src-signal transducers and activators of transcription 3 (STAT3) oncogenic pathway plays a central role in tumorigenesis and is involved not only in cell transformation but also in tumor escape to genotoxic treatments. Despite its importance, the molecular mechanisms by which this signaling pathway induces resistance to DNA damage remain most of the time to be characterized. In this study, we show that the EGFR-src pathway is activated in response to topoisomerase I inhibition. After treatment, this signaling cascade induced the activation of STAT3 and the binding of the transcription factor to the promoter of the Eme1 gene. Eme1 is an endonuclease involved in the processing of DNA damage after topoisomerase I inhibition. These results suggest a model by which the STAT3-mediated activation of Eme1 prevents DNA damage and enhances cell survival in response to topoisomerase inhibition. This survival pathway was inhibited by a combined treatment with a src inhibitor, SKI, and with cetuximab, a monoclonal antibody directed against the EGFR that is widely used in the treatment of colorectal cancers. We therefore propose that the benefit of anti-EGFR therapy relies on an increase of DNA damage generated by topoisomerase I inhibition. [Cancer Res 2008;68(3):815-25] 
Introduction
The epidermal growth factor receptor (EGFR) family consists of the EGFR, ErbB2/Neu, ErbB3, and ErbB4 proteins, which are activated after binding of several growth factors, such as EGF, transforming growth factor-a, or amphiregulin. Several studies have shown that activated forms of the receptor can induce cell transformation, and many epithelial cancers exhibit amplification, mutation, or autocrine activation of the EGFR, which in many cases, correlates with disease progression and poor prognosis. Targeted therapies interfering with EGFR signaling are now used as efficient strategies to increase the efficiency of conventional genotoxic treatments (1) . Interfering with the EGFR oncogenic pathway is achieved through the use of either monoclonal antibodies or small molecule inhibiting its tyrosine kinase activity.
Cetuximab (Erbitux; C225), a monoclonal antibody that binds to the EGFR, has been shown to inhibit the growth of several cancer cells in vitro and in nude mice (2) . In addition, cetuximab potentiates the effect of genotoxic drugs such as the topoisomerase I inhibitor irinotecan (3) (4) (5) (6) . Most importantly, these preclinical results have been confirmed by clinical trials showing that the inhibition of the EGFR pathway through the use of cetuximab can reverse drug resistance, induce response, and prolong the survival of patients with irinotecan-refractory colorectal carcinoma (7, 8) .
One essential question of cancer treatment is why tumors fail to respond to chemotherapy and which oncogenic signaling is predictive of tumor resistance. Unfortunately, the molecular mechanisms underlying the role of the EGFR pathway in refractory colorectal tumors remain to be characterized. The main pathways stimulated by the receptor are the mitogen-activated protein kinases (MAPK), the phosphatidylinositol 3-kinase-AKT, and signal transducer and activator of transcription proteins (STAT), such as STAT3 (9) . In addition, the activation of STAT3 also relies on the recruitment of the src kinase to the EGFR (9-11). Upon nuclear translocation, the STAT3 transcription factor up-regulates several genes involved in cell cycle progression (12, 13) , cell survival (14) (15) (16) (17) (18) , and metastasis (19) . Therefore, through the activation of src-STAT3, the EGFR signaling induces the expression of survival proteins such as Bcl-Xl or mcl1. These proteins are well-known to play an important role in drug resistance and tumor escape by inhibiting the cell death pathways associated with genotoxic treatments. Besides apoptosis, we have recently shown that the src-STAT3 oncogenes prevent senescence induction in response to genotoxic drugs through the up-regulation of Myc and the inactivation of the p53-p21 pathway (20) . For these reasons, we have recently proposed that the STAT3 oncogenic signaling pathway plays an important role in drug resistance through the inactivation of tumor suppressor networks (21) .
We now extend these observations and show in this study that the EGFR-src-STAT3 pathway is activated in response to topoisomerase I inhibition. After inhibition, DNA damage induced the activation of the src kinase, the activation of STAT3, and the binding of the transcription factor to the promoter of the Eme1 gene. Eme is an endonuclease identified as a member of the XPF family of endonucleases (22) . This protein plays an important role in the processing of DNA repair after topoisomerase I inhibition, and its up-regulation confers resistance to several DNA-damaging agents. These results indicate that upon cell transformation, the EGFR-src-STAT3 oncogenic pathway induces the up-regulation of Eme1, thereby leading to an intrinsic drug resistance program. Consequently, the inactivation of the EGFR pathway by cetuximab prevents the expression of Eme1 and enhanced DNA damage and cell death in response to topoisomerase I inhibition. We propose that the benefit of cetuximab and anti-EGFR therapy relies on the down-regulation of Eme1 expression and on the consequent increase of DNA damage generated by anticancer drugs, such as irinotecan, that induce an inhibition of topoisomerase I.
Altogether, these results reveal a complex network of interactions indicating that the EGFR-src-STAT3 oncogenic pathway induces the expression of the Eme1 endonuclease to induce cell transformation and drug resistance.
Materials and Methods
Materials. Antibodies were obtained from Santa Cruz Biotechnology. Anti-atubulin (T9026) was obtained from Sigma, and Anti-Eme1 was obtained from Immuquest (IQ284). SKI was obtained from Calbiochem (#567805). The src siRNA was obtained from Santa Cruz (sc-29228), and SN38 comes from Pfitzer and Cetuximab from Merck. All cells were maintained in RPMI supplemented with 10% serum and were not used beyond 25 to 30 passages.
Chromatin immunoprecipitation assay. Attached cells were washed and cross-linked with 1% formaldehyde at room temperature for 10 min. Cells were washed sequentially twice with 1 mL ice-cold PBS, centrifuged, and then resuspended in 0.5 mL of lysis buffer [1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl (pH 8.1), 1 mmol/L phenylmethylsulfonyl fluoride, 1 Ag/mL leupeptin, and 1 Ag/mL aprotinin] and sonicated thrice for 15 s each at the maximum setting. Supernatants were then recovered by centrifugation at 12,000 rpm for 10 min at 4jC, diluted twice in dilution buffer [1% Triton X-100, 2 mmol/L EDTA, 150 mmol/L NaCl, and 20 mmol/L Tris-HCl (pH 8.1)], and subjected to one round of immunoclearing for 2 h at 4jC with 2 Ag sheared salmon sperm DNA, 2,5 Ag preimmune serum, and 20 AL of protein A sepharose (of 50% slurry). Immunoprecipitation was performed overnight with specific antibodies, then 2 Ag sheared salmon sperm DNA and 20 AL of protein A sepharose (of 50% slurry) were further added for 1 h at 4jC. Immunoprecipitates were washed sequentially for 10 min each in TSE I [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl (pH 8.1), and 150 mmol/L NaCl], TSE II [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl (pH 8.1), and 500 mmol/L NaCl], and buffer III [0.25 mol/LLiCl, 1% NP40, 1% deoxycholate, 1 mmol/L EDTA, and 10 mmol/L Tris-HCl (pH 8.1)]. Beads precipitates were then washed thrice with TE buffer and eluted twice with 1% SDS and 0.1 mol/L NaHCO 3 . Eluates were pooled, heated at 65jC for 6 h to reverse the formaldehyde cross-linking, and DNA was precipitated using classic procedures. For PCR, 10 AL from a 100 AL DNA preparation were used for 25 to 30 cycles of amplifications. The amplified regions are presented on Fig. 5 , and primers are available upon request.
Real-time PCR. For RNA quantification, PCR was performed with 5 AL of DNA and 5 pmol/L primers diluted in a final volume of 5 AL Reaction Mix lightcycler (Roche Diagnostics GmbH) and 4 mmol/L of MgCl 2 . Accumulation of fluorescent products was monitored by real-time PCR using a lightcycler (Roche Diagnostics GmbH). The relative quantification of gene expression was performed using the comparative C T method, with normalization of the target gene to the endogenous housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Flow cytometry analysis. For DNA content analysis, 1 Â 10 6 cells were washed twice with PBS and fixed in 70% ethanol. Cells were treated with 100 units/mL RNase A for 20 min at 37jC, resuspended in PBS containing 50 Ag/mL propidium iodide, and immediately analyzed by flow cytometry (Becton Dickinson). For protein expression, 1 Â 10 6 cells were washed twice with PBS, fixed in 70% ethanol, and further incubated for 45 min at 37jC in PBS containing 5% bovine serum albumin, 1 mg/mL RNase, and 2 Ag/mL anti-H2AX (Upstate) or a control IgG. After three washes of PBS 0.1% Tween, cells were further incubated for 20 min with a FITC antibody at room temperature. After washes, samples were analyzed by flow cytometry. To quantify H2AX phosphorylation, result are presented as a ratio between the fluorescence with the H2Ax antibody and a control IgG: Fluo IgG H2AX/Fluo Control IgG.
Colony formation assay. For colony formation assay, 1.5 Â 106 cells were plated per 10-cm plate and treated for the indicated times. Cells were then washed, trypsinized, and replated in drug-free medium in 6-well plates (diluted from 100,000 cells per well to 100 cells per well) and allowed to form colonies for 7 to 10 days. This corresponds to a hundred cells present in average in each colony. In parallel experiments, the percentage of senescent cells was determined by staining SA-h-gal activity using X-gal at pH 6.0. Cells were fixed in 0.25% glutaraldehyde in PBS for 15 min, washed thrice with PBS, and stained using fresh buffer [1 mg of 5-bromo-4-chloro-3-indolyl-h-D-galactoside/mL (stock 40 mg/mL DMSO), 5 mmol/L potassium ferrocyanide, 5 mmol/L potassium ferricyanide, 40 mmol/L citric acid sodium phosphate (pH 6.0), 150 mmol/L NaCl, 2 mmol/L MgCl 2 , and PBS] at 37jC, for 16 to 20 h and in the absence of carbon dioxide. Positive cells were then counted by bright-field microscopy after scoring 100 to 1,000 cells for each sample.
Comet assay. A single-cell gel electrophoresis (Comet Assay) kit was used for evaluating DNA damage following the manufacturer's instructions (Trevigen, Inc.). After treatment of cells with DNA damage agents (i.e., SN38, cetuximab, or SKI), cells in 1Â PBS (Ca2 + and Mg2 + free) at 1 Â 105/mL were combined with molten LMAgarose (at 37jC) at a ratio of 1:10 (v/v) and immediately pipetted 75 AL onto CometSlideTM. After a gentle cell lysis, samples were treated with alkali to unwind and denature DNA. The samples were subjected to electrophoresis, stained with SYBR Green, and visualized by microscopy.
Results
The combined inhibition of src and EGFR sensitizes cell to topoisomerase I inhibition. We first tested the hypothesis that EGF-src signaling could act as a survival pathway in response to topoisomerase I inhibition. To this end, clonogenic assays were performed after exposure of colorectal cell lines to moderate doses of SN38, the active metabolite of irinotecan, which is widely used in the treatment of colorectal cancers. These experiments were performed in the presence or absence of the src inhibitor SKI and of cetuximab, a monoclonal antibody directed against the EGFR used in irinotecan-refractory colorectal carcinoma. Results presented in Fig. 1A showed that SN38 treatment resulted in 59% and 52% clonogenicity relative to untreated HCT116 and HT29 control cells, respectively. In the presence of cetuximab and SKI, a significant decrease of cell viability was observed compared with SN38 ( Fig. 1A ; compare lanes 1 and 5, lanes 6 and 10). Importantly, no effect of cetuximab or SKI was observed when added alone to the cell culture, and a nonrelated IgG did not affect cell proliferation. We also observed that the inhibition of the EGFRsrc pathway decreased the concentration of SN38 required to reduce cell viability (Fig. 1B) . The IC 50 values were 1.6 ng/mL for SN38-treated HCT116 cells and 0.9 ng/mL in the presence of cetuximab-SKI, and 3.2 ng/mL for SN38-treated HT29 cells and 2.2 ng/mL in the absence of cetuximab-SKI.
To characterize the enhanced sensitivity to SN38, we then examined changes in senescence and apoptosis. The percentage of cells entering apoptosis was characterized by fluorescenceactivated cell sorting (FACS) analysis (sub-G 1 fraction) and visual examination of condensed chromatin. The induction of the senescence program was detected by h-galactosidase staining and visual examination of the flattened phenotype. Micronucleation was characterized by micronuclei examination and detection of noncondensed chromatin in the main nuclei. In HCT116 cells, and as previously described (23), SN38 treatment results in the appearance of cells with multiple micronuclei, a hallmark of mitotic catastrophe. As a consequence, around 60% of the attached cells became senescent after 4 days of treatment (Fig. 1C, left) . In the presence of cetuximab and SKI, a slight increase in SA-h-galactosidase-positive cells was noticed compared with the Colony formation was then counted using an inverted microscope, and for each cell line, growth of nontreated cells was set up at 100%. Clonogenic survival was then plotted as a fraction relative to these untreated cells (n = 3 F SD). B, colony formation was investigated as described in A in the presence of increasing concentrations of SN38 (n = 3 F SD). C, growing HCT116 cells were treated with SN38 (2.5 nmol/L) for 48 h, in the presence or absence of cetuximab (2.5 Ag/mL) and SKI (10 Amol/L) as indicated. The percentage of senescent cells was evaluated as the number of cells expressing SA-h-gal activity or by flow cytometry analysis using polyclonal antibodies directed against ICAM-1. In parallel, total cell extracts were prepared and analyzed by Western blot (n = 3 F SD). SSC , side scatter. D, growing HT29 cells were treated with SN38 (3.7 nmol/L) for 48 h, in the presence or absence of cetuximab (2.5 Ag/mL) and SKI (10 Amol/L) as indicated. After 36 h, the percentage of apoptotic cells was evaluated by flow cytometry using either polyclonal antibodies directed against the active form of caspase 3 or by FACS analysis of sub-G 1 cells. In parallel, total cell extracts were prepared and analyzed by Western blot (n = 3 F SD). PARP, poly(ADP)ribose polymerase. (Fig. 1C, left) . To confirm this result, we evaluated the expression of the intercellular adhesion molecule-1 (ICAM-1), one of the markers overexpressed in senescent cells (24, 25) . As expected, ICAM-1 was effectively induced by SN38 in HCT116 cells, and a significant up-regulation was noticed upon down-regulation of EGFR signaling (Fig. 1C, middle) . After checkpoint arrest, senescence is also induced with the participation of the cell cycle inhibitor p21waf1. As expected, the SN38-mediated expression of p21waf1 was enhanced in the presence of cetuximab and SKI (Fig. 1C, right) , indicating that EGFR-src inhibition up-regulates the induction of senescence.
STAT3 Activates the Expression of Eme1 Gene
We then determined if this effect was only related to the senescence pathway or also to other forms of cell death. To this end, we used HT29 cells because this cell line responds differently to genotoxic treatment and has a mutated form of p53, so that any effect would be independent of the tumor suppressor. In response to SN38, <10% of HT29 cells enter the senescence program or present micronuclei (data not shown; see also ref. 23 ). By contrast, apoptosis occurred in 35% to 40% of these cells in response to SN38, and this was enhanced upon inhibition of EGFR-src signaling (Fig. 1D, left ). An increased in the percentage of sub-G 1 cells and of the cleavage of the poly(ADP)ribose polymerase protein was also observed in these conditions (Fig. 1D, middle and right) . No effect was observed when cetuximab and SKI were added alone to the cell culture (data not shown).
Altogether, these results indicate that the inhibition of EGFR-src signaling potentiates the induction of senescence and apoptosis in response to topoisomerase I inhibition.
The inhibition of the EGFR-src signaling pathway induces DNA damage. SN38 induces topoisomerase I cleavage complexes that inhibit replication forks and induce DNA double strand breaks (26) . Based on these observations, we made the hypothesis that Figure 2 . The combined inhibition of src and EGFR potentiates DNA damage induced by topoisomerase I (topo1 ) inhibition. A, HCT116 or HT29 growing cells were treated with SN38 for 24 h (HCT116, 2.5 nmol/L; HT29, 3.7 nmol/L), in the presence or absence of cetuximab (2.5 Ag/mL) and SKI (10 Amol/L) as indicated. Cells were then washed and further treated for 12 h by cetuximab-SKI. The amount of DNA strand breaks was then determined using the alkaline comet assay and quantified using the Comet Assay IV software (n = 3 F SD). B, HCT116 or HT29 growing cells were treated as described in A, and the generation of DNA double strand breaks was quantified by FACS analysis using polyclonal antibodies directed against the Ser 139 phosphorylated form of g-histone H2Ax (n = 3 F SD). Phospho-H2Ax , histone H2Ax phosphorylation. C, cells were treated as described in A, and total cell extracts were prepared and analyzed by Western blot (n = 3).
EGFR-src inhibition might potentiate the effect of SN38 on DNA damage. To verify this, genotoxicity analysis were performed using either the alkaline comet assay ( Fig. 2A) or Ser 139 phosphorylation of histone H2Ax as a marker of DNA double strand breaks (Fig. 2B) . As expected, SN38 treatment led to a significant increase of the tail moment in HT29 and HCT116 cells. Accordingly, FACS analysis also showed an increase in g-H2Ax phosphorylation, confirming that DNA double strand breaks occurred in SN38-treated cells (Fig. 2B) . Importantly, when cetuximab and SKI were added to the cell cultures, we observed that the inhibition of the EGFR-src signaling pathway further enhanced DNA damage. As shown Fig. 2A , an increased tail moment was observed in the presence of cetuximab and SKI both in HT29 cells (tail moment, 6.3 F 1.4 for treated cells; compared with SN38 alone tail moment, 2.2 F 0.6) and HCT116 cells (tail moment, 6.9 F 1.6 for treated cells; compared with SN38 tail moment, 3.7 F 0.4). Accordingly, FACS analysis indicated that the Ser 139 phosphorylation of H2Ax was also enhanced after EGFR-src inhibition (Fig. 2B) . To confirm these results, we then analyzed the activation of DNA damage checkpoints in drug-treated cells (Fig. 2C) . After genotoxic treatment of HCT116 and HT29 cells, we observed that the chk1 kinase was phosphorylated on its Ser 345 residue. In addition, SN38 also induced the phosphorylation of p53 on Ser 15 in both cell lines. Confirming the above results, the activation of chk1 and p53 was enhanced when the EGFR-src pathway was inhibited (Fig. 2C, lanes 3, 6, 9, and 12) . Importantly, kinetic experiments indicated that EGFR inhibition had no significant effect on DNA damage after 24 h of treatment (data not shown). Looking at tail moments or g-H2Ax phosphorylation, DNA damage induction became detectable only when cells were allowed to proliferate for a further 12 h in the presence of cetuximab and SKI (Fig. 2) . In addition, we have also observed that the length of S phase is not modified after cetuximab-SKI treatment. This might indicate that EGFR inhibition affects late S phase or G 2 events that occur after topoisomerase I inhibition, such as the processing of collapsed replication forks and/or the processing of the D loop generated during the recombination process (27) .
Taken together, these results suggest that the inhibition of the EGFR-src signaling pathway induced cell death through enhanced DNA damage.
The EGFR-src signaling pathway regulates the expression of the Eme1 endonuclease. Having shown that the inhibition of the EGFR-src pathway increased DNA damage, we then determined if this effect was related to a reduced expression of genes involved in the repair/signaling or processing of DNA breaks. Using quantitative reverse transcription-PCR (RT-PCR) experiments, we observed as expected that several genes involved in DNA repair pathways were up-regulated by >2-fold in response to topoisomerase I inhibition (Table 1) . Although EGFR-src inhibition did not affect the majority of these regulators, we noticed that the expression of the Eme1 gene was significantly down-regulated upon inhibition of EGFR signaling (Table 1) . Eme1 is an endonuclease that is implicated in the efficient rescue of broken replication forks in yeast. Importantly, Eme1 inactivation has been correlated with elevated levels of DNA damage, chromosomal aberrations, and drug sensitivity (22, 28) . In HCT116 and HT29 cells, Western blot and quantitative PCR experiments showed that Eme1 expression was significantly induced in response to SN38 (Fig. 3A and B) . Importantly, this up-regulation was almost completely inhibited upon EGFR-src down-regulation (Fig. 3A, lanes 3 and 6) . As a control, no effect was noticed on the expression of other DNA repair genes, such as xrrc1 or fen1, and a nonrelated IgG had no effect on Eme1 expression (data not shown).
Altogether, these results indicate that the Eme1 endonuclease is up-regulated by the EGFR pathway upon topoisomerase I inhibition.
DNA damage induced the phosphorylation of the EGF receptor. During the course of these experiments, we observed that the EGFR pathway was surprisingly activated upon topoisomerase I inhibition. As depicted in Fig. 4A , an increased phosphorylation of the intracellular domain of the EGFR was observed after drug exposure of HCT116 cells (Fig. 4A, lanes 1-2) . In addition, topoisomerase I inhibition also induced the phosphorylation of the src kinase on its Tyr 419 -activating residue (Fig. 4A, lanes 3-4) . Importantly, this EGFR phosphorylation was inhibited by pretreatment exposure with SKI and with cetuximab in HCT116 and HT29 cells (Fig. 4B; compare lanes 2 and 5, lanes 7  and 10) . Under these conditions, a significant inhibition of src phosphorylation was also observed (Fig. 4C, lanes 3 and 6) . Again, when these two inhibitors were used alone, no significant effect was observed on the SN38-mediated activation of the EGFR. As a control, herceptin, a monoclonal antibody directed against the HerII receptor, did not affect the phosphorylation of the receptor (Fig. 4B, lanes 11-16) . Because the EGFR-scr pathway activates STAT3, we then asked if the transcription factor was activated under the same conditions. Western blot experiments showed that SN38 induced the phosphorylation of STAT3 on its Ser 727 residue in HCT116 and HT29 cells (Fig. 4D, lanes 3 and 6) . As expected, the phosphorylation of STAT3 was inhibited in the presence of SKI and cetuximab, whereas the phosphorylation of the Akt kinase was not affected.
Altogether, these results indicate that the EGFR-src-STAT3 signaling pathway is activated upon topoisomerase I inhibition.
The STAT3 transcription factor is activated by SN38 to bind to the Eme1 promoter. In light of these results, we speculated that the EGFR-src cascade regulates the expression of Eme1 through STAT3 activation. Transcription factor recognition site analysis of the Eme1 promoter (MatInspector; Genomatix) revealed the presence of a potential STAT3 binding site in the proximal promoter of the gene (Fig. 5A, left) . To determine if STAT3 is associated with this promoter in response to SN38, chromatin immunoprecipitation (ChIP) experiments were then performed using STAT3 antibodies. Ets1 antibodies were used as controls because a potential ets1 binding site was also found in this region. ChIP experiments indicated that STAT3 was significantly recruited to the proximal Eme1 promoter upon SN38 stimulation (Fig. 5A,  right) . Importantly, the association of the transcription factor with DNA was significantly prevented after EGFR-src inhibition. As a control, PCR analysis did not detect any occupancy of the exon 2 of Figure 3 . The inhibition of the EGFR-src pathway prevents the expression of the Eme1 endonuclease in response to topoisomerase I inhibition. A, HCT116-or HT29-growing cells were treated with SN38 for 36 h (HCT116, 2.5 nmol/L; HT29, 3.7 nmol/L), in the presence or absence of cetuximab (2.5 Ag/mL) and SKI (10 Amol/L) as indicated. Total cell extracts were prepared and analyzed by Western blot (n = 3). B, cells (HCT116, left ; HT29, right ) were treated as described above for 24 h, and the expression of the indicated mRNA was analyzed by quantitative RT-PCR experiments (n = 3 F SD).
the GAPDH gene by STAT3 (Fig. 5B, left) . In addition, we have also been unable to detect any binding of the ets1 transcription factor to the proximal promoter of the Eme1 gene, further confirming the specificity of STAT3 recruitment (Fig. 5B, right) .
We have recently shown that STAT3 binds to the promoter of the Myc gene upon IL-6 stimulation, a condition that is well-known to induce the transition from quiescence to the G 1 phase of the cell cycle. In the experimental conditions used in this study, FACS analysis indicated that SN38 induced an accumulation of cells in the G 2 phase of the cell cycle (Fig. 5C, left) . To confirm the specificity of STAT3 activity, cells were treated with IL-6 to determine if this cytokine could also induce the activation of the Eme1 gene. As expected, IL-6 induced the binding of STAT3 to the Myc promoter (Fig. 5C, middle) and the consequent up-regulation of the Myc mRNA (data not shown; see ref. 12) . By contrast, IL-6 did not induce the association of STAT3 with the Eme1 promoter (Fig. 5C, middle) , and consequently, this cytokine had no effect on Eme1 mRNA levels (data not shown). Conversely, although STAT3 can be found associated with the Eme1 promoter upon SN38 stimulation, no binding could be detected on the Myc promoter under these conditions (Fig. 5C, right) .
Altogether, these results indicate that STAT3 is specifically activated by topoisomerase I inhibition to induce the expression of the Eme1 endonuclease.
The EGFR-src-STAT3 pathway prevents DNA damage through Eme1 up-regulation. Altogether, these results indicate that the EGFR-src pathway activates STAT3 upon topoisomerase I inhibition, and that this leads to Eme1 up-regulation and resistance to DNA damage. To verify this hypothesis, cells were transfected with a siRNA directed against src, and the expression of Eme1 as well as histone H2Ax phosphorylation were then investigated in the presence or absence of SN38 and cetuximab. After siRNA transfection, we observed as expected that src expression was down-regulated, and that the phosphorylation of STAT3 on its Figure 4 . Topoisomerase I inhibition induced the phosphorylation of the EGFR-src pathway. A to C, growing cells were treated with SN38 for 24 h (HCT116, 2.5 nmol/L; HT29, 3.7 nmol/L), in the presence or absence of cetuximab (2.5 Ag/mL) or SKI (10 Amol/L) as indicated. Herceptin (anti-Erb2, 2.5 Ag/mL) was used as a control. Total cell extracts were prepared and analyzed by Western blot with antibodies directed against the phosphorylated forms of the EGFR or src as indicated (n = 3). D, HCT116 or HT29 growing cells were treated with SN38 for 36 h (HCT116, 2.5 nmol/L; HT29, 3.7 nmol/L), in the presence or absence of cetuximab (2.5 Ag/mL) and SKI (10 Amol/L) as indicated. Total cell extracts (including the chromatin fraction) were then prepared, and Western blot experiments were performed with the indicated antibodies (n = 3). Figure 5 . The STAT3 transcription factor is activated in response to topoisomerase I inhibition to induce the expression of the Eme1 gene. A, representation of the STAT3 and ets1 binding site on the Eme1 promoter (left ). HCT116 or HT29 growing cells were treated as described above, and soluble chromatin was prepared from the indicated cells and immunoprecipitated with antibodies directed against the nonphosphorylated form of STAT3. DNA was amplified using one pair of primers that covers the STAT3 binding site of the Eme1 promoter. ChIP assays were analyzed by RT-PCR, and the percentage of immunoprecipitated DNA was calculated by comparison to input signals (n = 3; middle part of the figure). A representative agarose gel of the STAT3 ChIP on the Eme1 promoter is shown on the right part of the figure. B, ChIP experiments were performed as decribed above and analyzed using a pair of primers that covers the GAPDH gene as a control. In parallel, the association of the ets1 transcription factor with the Eme1 promoter was analyzed by ChIP in growing cells or in cells that were treated as decribed above (n = 3). C, HT29 cells were treated or not with SN38 for 36 h. FACS analysis was then performed on the indicated attached cells after propidium iodide staining. In parallel, cells were serum starved for 2 d and stimulated with IL-6 (10 ng/mL) for 30 min as indicated. ChIP experiments were then performed to detect the association of STAT3 with the Eme1 gene or with the Myc proxymal promoter (region À333/À44; relative to the P2 promoter). In addition, growing cells were treated with SN38 for 36 h, and the association of STAT3 with the Myc promoter was analyzed by ChIP experiments (right ; n = 3).
Ser
727 residue was inhibited upon genotoxic treatment (Fig. 6A,  lanes 1-5) . Importantly, we also observed that the combined inhibition of EGFR and src prevented the expression of Eme1 in response to SN38 (Fig. 6A ; compare lane 5 and 2). Using quantitative PCR experiments, we also noticed that the siRNAmediated inhibition of src prevented the expression of the Eme1 mRNA (Fig. 6A, lanes 6-9) . As a control, no significant modification of the expression level of other DNA repair genes such as Tdp1 and Fen1 was observed (data not shown). Interestingly, src downregulation also led to an increased DNA damage. Western blot experiments showed that the siRNA-mediated down-regulation of the kinase induced a very significant increase of histone H2Ax phosphorylation compared with the effect of SN38 alone ( Fig. 6B ; compare lane 2 and 5). The same effect was also observed when histone H2Ax phosphorylation was quantified using FACS analysis (Fig. 6B, lanes 6-8) , probably illustrating the consequence of DNA double strand breaks induced by Eme1 inhibition. Kinetic experiments indicated under these conditions that EGFR inhibition did not induce DNA damage during the first 24 h. DNA damage became detectable only when the cells were washed and allowed to grow for a further 12 h. This again suggest that essentially late S phase or G 2 events were affected by the inhibition of EGFR signaling.
Therefore, we concluded from these results that the EGFR-src pathway prevents DNA damage in response to topoisomerase I inhibition through up-regulation of the Eme1 gene.
Discussion
It has been proposed that certain oncogenes may provide cancer cells with an inherent resistance mechanism to anticancer drugs (29, 30) . Illustrating this hypothesis, we have recently shown that the src-STAT3 oncogenes inactivate senescence through Myc upregulation and inactivation of the p53-p21 pathway (20) . In addition to tumor suppressor inactivation, the ability of cancer cells to survive to genotoxic treatments also relies on the efficacy of their DNA repair pathways (31) . In this study, we extend the functions of the EGFR-src-STAT3 oncogenes in drug resistance and show that this pathway up-regulates the expression of the Eme1 endonuclease. Illustrating the potential of targeted therapies, the combined inhibition of the src and EGFR kinases by SKI and cetuximab potentiates the effect of the topoisomerase I inhibitor Figure 6 . The EGFR-src-STAT3 pathway prevents DNA damage through Eme1 up-regulation. A, HCT116 cells were either transfected with src-specific siRNA oligonucleotides or control oligonucleotides, and expression was monitored after treatment with SN38 (2.5 nmol/L), in the presence or absence of cetuximab. Cells were treated for 24 h, washed, and then allowed to grow for a further 12 h. Total cell extracts were probed for the expression of src, STAT3, and Eme1 using polyclonal antibodies. In parallel, the expression of the Eme1 mRNA was analyzed by quantitative RT-PCR experiments (right ; n = 3 F SD). B, cells were treated as described in A , and DNA damage was monitored by Western blot analysis using histone H2Ax phosphorylation (Phospho-H2Ax ) as a marker of double strand breaks (left). In parallel, DNA damage was quantified by FACS analysis (right ; n = 3 F SD).
SN38 on cell death. This effect was shown to result from Eme1 down-regulation and enhanced DNA damage.
The Mus81-Eme1 complex was initially characterized in yeast as a member of the XPF family of endonuclease complexes involved in the repair of replication and meiotic defects. By analogy to XPF-ERCC1, Eme1 needs to associate with its Mus81 partner to form an active heterodimer complex that plays an important role in the repair and/or processing of postreplication damage. Further experiments need to be performed to determine if the EGFR signaling is involved in parallel in the regulation of the Mus81 gene. After genotoxic treatment and replication blockade, Mus81-Eme1 removes the collapsed replication forks and activates the homologous recombination process (27) . As a consequence, the overexpression of the Mus81-Eme1 complex confers resistance to agents that block replication forks such as hydroxyurea and topoisomerase I inhibitors. In addition, its inactivation has been shown to induce genomic instability and enhance the sensitivity to DNA cross-linking agents (28, 32) . We therefore propose that a high expression of Eme1 due to STAT3 activation represents an intrinsic drug resistance program that allows EGFR-scr-expressing tumors to respond to topoisomerase I inhibitors. Importantly, the combined inhibition of src and EGFR with SKI-cetuximab inactivates STAT3 and down-regulates the expression of Eme1. Although this remains to be shown, this treatment should prevent the processing of topoisomerase I cleavage complexes during G 2 arrest. Because colorectal cancer cells are able to adapt to G 2 DNA damage checkpoints (33, 34) , we speculate that drug adaptation in response to SKI-cetuximab allows the progression of SN38-treated cells toward mitosis. The detection of broken forks and damaged chromosomes by the spindle checkpoint would then induce cell death through the up-regulation of control proteins such as BubR1, Mad1, or Mad2 (35) . By contrast, in the absence of cetuximab-SKI, a normal up-regulation of Eme1 in SN38-treated cells would allow a more efficient processing of cleavage complexes. As a consequence, a higher percentage of cells would resume proliferation during the G 2 phase of the cell cycle, allowing tumor escape to cell death and mitotic checkpoint.
Further experiments need also to be performed to determine how DNA damage and topoisomerase I inhibition induce the activation of the EGFR-src pathway. Previous studies have already suggested that the EGFR is activated by osmotic and oxidative stresses through metalloprotease cleavage of EGF-like ligand precursors (36) . This EGFR signal resulted from stressinduced activation of the ADAM family of metalloproteases and is mediated by the MAPK p38. Interestingly, DNA damage induced by cisplatin also leads to the phosphorylation of the EGFR and this effect is also mediated by p38 MAPK (37) . Altogether, these observations lead to the interesting hypothesis that the up-regulation of Eme1 by STAT3 could result from the activation of the p38-ADAM pathway by topoisomerase I inhibition. In addition, it remains also to be determined if the EGFR pathway could also up-regulate the expression of Eme1 through mRNA or protein stabilization.
Altogether, these results uncover new functions for the STAT3 oncogenic pathway in the regulation of DNA repair. Although this remains to be firmly established, we therefore propose that the EGFR-src-STAT3 oncogenic pathway up-regulates Eme1 expression to allow a more efficient processing of cleavage complexes and to induce drug resistance (Supplementary Fig.  S1 ). Because an important correlation exists between EGFR, src, STAT3, and colorectal cancers, our results suggest that tumors expressing the EGFR-src-STAT3 pathway together with a high expression of Eme1 might be resistant to DNA-topoisomerase I inhibitors such as irinotecan. For these reasons, the detection of these proteins should help to determine the drug resistance profile of individual tumors to define in advance the subsets of tumors that will fail to respond to chemotherapy. Provided that this combination does not lead to serious side effects, we propose that cetuximab and src inhibitors should be used as targeted therapies with topoisomerase I inhibitors to sensitize drug-resistant colorectal tumors to cell death.
